We use the cosmo-OWLS suite of cosmological hydrodynamical simulations to investigate the scatter and evolution of the global hot gas properties of large simulated populations of galaxy groups and clusters. Our aim is to compare the predictions of different physical models and to explore the extent to which commonly-adopted assumptions in observational analyses (e.g. self-similar evolution) are violated. We examine the relations between (true) halo mass and the X-ray temperature, X-ray luminosity, gas mass, Sunyaev-Zel'dovich (SZ) flux, the X-ray analogue of the SZ flux (Y X ) and the hydrostatic mass. For the most realistic models, which include AGN feedback, the slopes of the various mass-observable relations deviate substantially from the self-similar ones, particularly at late times and for low-mass clusters. The amplitude of the mass-temperature relation shows negative evolution with respect to the self-similar prediction (i.e. slower than the prediction) for all models, driven by an increase in non-thermal pressure support at higher redshifts. The AGN models predict strong positive evolution of the gas mass fractions at low halo masses. The SZ flux and Y X show positive evolution with respect to self-similarity at low mass but negative evolution at high mass. The scatter about the relations is well approximated by log-normal distributions, with widths that depend mildly on halo mass. The scatter decreases significantly with increasing redshift. The exception is the hydrostatic masshalo mass relation, for which the scatter increases with redshift. Finally, we discuss the relative merits of various hot gas-based mass proxies.
cal parameters (e.g. Jenkins et al. 2001; Tinker et al. 2008) . Here, we note that a number of recent studies have shown that the predicted abundance is sensitive to the details of feedback processes associated with galaxy formation (e.g. Cui et al. 2014; Cusworth et al. 2014; Martizzi et al. 2014; Velliscig et al. 2014) , as energetic feedback can eject baryons from collapsed structures (e.g. McCarthy et al. 2011 ) and lower their total mass, thereby reducing the number of haloes above a given mass threshold. (Merloni et al. 2012) , Euclid (Laureijs et al. 2011) , SPT-3G (Benson et al. 2014) , and Advanced ACTpol (Henderson et al. 2016) , will deliver samples of tens of thousands of galaxy clusters. With such large samples becoming available, the limiting uncertainties in the cosmological analyses will be due to systematic (as opposed to statistical) errors, the largest of which are likely to be associated with absolute mass calibration on the observational side and our incomplete knowledge of the effects of galaxy formation physics on the total masses and observable properties (e.g. X-ray luminosity, Sunyaev-Zel'dovich (SZ) flux, etc.) of clusters on the theoretical side.
Cosmological hydrodynamical simulations can help to address both of these issues, by calibrating the massobservable relations (or, alternatively, by providing a testbed for direct observational mass reconstruction algorithms, such as synthetic weak lensing maps, which observers can use to calibrate the mass-observable relations empirically) and by providing a self-consistent framework for capturing the effects of galaxy formation physics on the predicted halo mass distribution. However, an important caveat is that predictions of current simulations are often sensitive to the details of the 'sub-grid' modelling of important feedback processes Sembolini et al. 2016; McCarthy et al. 2016) , as we will demonstrate here as well. Therefore, continual confrontation of the simulations with the observations (via production of realistic synthetic observations of the simulations) is also needed to test the realism of the former.
Encouragingly, the realism of simulations of galaxy clusters, in terms of their ability to reproduce the observed properties of local clusters, has been improving rapidly in recent years and is due in large part to the inclusion of energetic AGN feedback (e.g. Sijacki et al. 2007; Bhattacharya et al. 2008; Puchwein et al. 2008; Fabjan et al. 2010; McCarthy et al. 2010; Planelles et al. 2013; Le Brun et al. 2014; Planelles et al. 2014; McCarthy et al. 2016) . However, much less is known about the realism of such simulations at higher redshifts, where there are fewer high-quality observations with which to compare the simulations, and there are significantly greater uncertainties in the role of important selection effects for the observed systems. The sparseness of highquality observations of high-redshift systems means that cosmological tests using distant clusters will have to rely much more heavily on simulations, both to help calibrate the mass-observable relations and self-consistently predict the abundance of haloes in the presence of baryons. It is therefore crucial to examine what current simulations predict in terms of the evolution of the hot gas properties of clusters.
In the present study, we use the cosmo-OWLS (Le McCarthy et al. 2014) suite of largevolume cosmological hydrodynamical simulations to conduct a study of the scatter and evolution of the global hot gas properties of large populations of galaxy groups and clusters as a function of the important non-gravitational physics of galaxy formation. We will examine to what extent the predicted scaling relations evolve self-similarly (both in terms of amplitude and slope), can be characterised by simple powerlaws with log-normal scatter, and whether or not the scatter itself depends on mass and redshift. We will examine a large number of commonly-used scaling relations, including the dependencies on the true total halo mass of gas mass, (soft) X-ray luminosity, SZ flux, YX (the X-ray analog of the SZ flux), the mass-weighted and spectroscopic temperatures and the X-ray hydrostatic mass. We also present an analysis of the evolution and scatter of the X-ray luminositytemperature relation (in Appendix C).
This work extends upon an already relatively large body of previous studies of the impact of the non-gravitational physics of galaxy formation on the evolution of scaling relations such as those of Short et al. (2010) ; Stanek et al. (2010) ; Battaglia et al. (2010 Battaglia et al. ( , 2012 ; Fabjan et al. (2011) ; Planelles et al. (2013) and Pike et al. (2014) which will be examined in the context of the results of the present study in Section 9.
The present paper is organised as follows. We briefly introduce the cosmo-OWLS simulation suite used here in Section 2 and summarise self-similar theory in Section 3. We then describe how we fit the mass-observable scaling relations and the scatter about them in Section 4. In Sections 5, 6 and 7, we examine the evolution of the mass slopes, amplitude, and scatter, respectively, in the various massobservable relations. We then examine the scatter and evolution of the hydrostatic bias in Section 8. Finally, we conduct a short comparison to previous studies in Section 9 and summarise and discuss our findings in Section 10.
Throughout the paper, masses, luminosities, temperatures, integrated Sunyaev-Zel'dovich signal and X-ray analogues of the integrated Sunyaev-Zel'dovich signal are quoted in physical M⊙, erg s −1 , keV, Mpc 2 and M⊙ keV, respectively; ln denotes natural logarithm, while log 10 corresponds to decimal logarithm.
SIMULATIONS
We take advantage of the cosmo-OWLS suite of cosmological simulations described in detail in Le Brun et al. (2014) (hereafter L14; see also McCarthy et al. 2014; van Daalen et al. 2014; Velliscig et al. 2014 ; Le Brun, McCarthy & Melin 2015) .
The cosmo-OWLS simulations constitute an extension to the OverWhelmingly Large Simulation project (OWLS; Schaye et al. 2010) . cosmo-OWLS was conceived with cluster cosmology in mind and is composed of large volume (400 h −1 Mpc on a side) periodic box simulations with 2 × 1024 3 particles using updated initial conditions derived from the Planck data 1 (Planck Collaboration 2013 XVI) {Ωm, Ω b , ΩΛ, σ8, ns, h} = {0. 3175, 0.0490, 0.6825, 0.834, 0.9624, 0.6711} . This results in dark matter and (initial) baryon particle masses of ≈ 4.44 × 10 9 h −1 M⊙ and ≈ 8.12 × 10 8 h −1 M⊙, respectively. The gravitational softening of the runs presented here is fixed to 4 h −1 kpc (in physical coordinates below z = 3 and in comoving coordinates at higher redshifts). We use N ngb = 48 neighbours for the smoothed particle hydrodynamics (SPH) interpolation and the minimum SPH smoothing length is fixed to one tenth of the gravitational softening.
The simulations were conducted with a version of the Lagrangian TreePM-SPH code gadget3 (last described in Springel 2005) , which was significantly modified to incorporate new 'sub-grid' physics as part of the OWLS project. All the runs used here were started from identical initial conditions and only the included non-gravitational physics and some of its key parameters were methodically altered. We use four of the five physical models presented in L14 here:
NOCOOL : A non-radiative model. It includes net heating from the Haardt & Madau (2001) X-ray and ultra-violet photoionising background, whose effects on the intracluster medium (ICM) are however negligible.
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This model also incorporates prescriptions for metal-dependent radiative cooling (Wiersma, Schaye & Smith 2009a) , star formation , stellar evolution, mass loss and chemical enrichment (Wiersma et al. 2009b ) from Type II and Ia supernovae and Asymptotic Giant Branch stars, and kinetic stellar feedback .
AGN 8.0 and AGN 8.5: In addition to the physics included in the REF model, these models include a prescription for supermassive black hole growth (through both Eddington-limited Bondi-Hoyle-Lyttleton accretion and mergers with other black holes) and AGN feedback (Booth & Schaye 2009 , which is a modified version of the model originally developed by Springel et al. 2005) . The black holes accumulate the feedback energy until they can heat neighbouring gas particles by a pre-determined amount ∆T heat . As in Booth & Schaye (2009) , 1.5 per cent of the rest-mass energy of the gas which is accreted on to the supermassive black holes is employed for the feedback. This yields a satisfactory match to the normalisation of the black hole scaling relations (Booth & Schaye 2009 ; see also L14) which is insensitive to the exact value of ∆T heat . The two AGN models used here only differ by their value of ∆T heat , which is the most important parameter of the AGN feedback model in terms of the gas-phase properties of the resulting simulated population of groups and clusters (McCarthy et al. 2011; L14) . It is fixed to ∆T heat = 10 8.0 K for agn 8.0 and ∆T heat = 10 8.5 K for agn 8.5. Note that since the same quantity of gas is being heated in these models, more time is required for the black holes to accrete a sufficient amount of gas for heating the adjacent gas to a higher temperature. Hence, increased heating temperatures result into more episodic and more violent feedback episodes. Table 1 provides a list of the runs used here and the sub-grid physics that they include.
Haloes are identified with a standard friends-of-friends (FoF) percolation algorithm on the dark matter particles with a linking length of 0.2 in units of the mean interparticle separation. The baryonic content of the haloes is identified by locating the nearest DM particle to each baryonic (i.e. gas or star) particle and connecting it with the FoF group of the DM particle. Artificial haloes are removed by carrying out an unbinding calculation with the subfind algorithm (Springel et al. 2001; Dolag et al. 2009 ): any FoF halo that does not have at least one self-bound substructure (called subhalo) is removed from the FoF groups list.
Spherical overdensity masses M∆ (where M∆ is the total mass within a radius r∆ that encloses a mean internal overdensity of ∆ times the critical density of the Universe) with ∆ = 200, 500 and 2500 have been computed for all the FoF haloes. The spheres are centred on the position of the minimum of the gravitational potential of the main subhalo (the most massive subhalo of the FoF halo). Then, all galaxy groups and clusters with M500 10 13 M⊙ are extracted from each snapshot for analysis. There are roughly 25, 000 such systems at z = 0 in the nocool run with the Planck cosmology, for example.
The Sunyaev-Zel'dovich signal is characterised by the value of its spherically integrated Compton parameter d 2 A Y500 = (σT /mec 2 ) P dV where dA is the angular diameter distance, σT the Thomson cross-section, c the speed of light, me the electron rest mass, P = nekBTe the electron pressure and the integration is done over the sphere of radius r500. The X-ray equivalent of the Sunyaev-Zel'dovich signal is characterised by YX,500 = Mgas,500Tspec,cor where Mgas,500 is the gas mass enclosed within r500 and Tspec,cor is the core-excised X-ray spectroscopic temperature (computed within the [0.15 − 1]r500 annulus).
Note that contrary to what was done in L14, in the present study, we use true halo masses (as opposed to halo masses computed under the assumption of hydrostatic equilibrium) and that the X-ray luminosities, spectral tempera-tures, gas masses and integrated Sunyaev-Zel'dovich signals were computed within the true r500 aperture and in the case of core-excised quantities within the annulus [0.15 − 1]r500 (as opposed to within r 500,hse and [0.15 − 1]r 500,hse where r 500,hse is the value of r500 obtained when the halo masses are computed assuming hydrostatic equilibrium). The spectral temperatures and X-ray luminosities were computed using the synthetic X-ray methodology presented in L14 though. The rationale behind these choices is that we aim to elucidate the relations between the hot gas observables and true halo mass, since those are useful for: (i) calibrating the mass-observable relations whose use is of paramount importance when doing (precision) cosmology with galaxy clusters, and (ii) making large synthetic surveys by applying template methods to large dark matter-only simulations (e.g. Bode et al. 2007; Sehgal et al. 2007 Sehgal et al. , 2010 .
The various cosmo-OWLS models have been compared to a wide range of observational data in L14 and McCarthy et al. (2014) (see also Hojjati et al. 2015; Le Brun et al. 2015) . In L14, we concentrated on the comparison to low-redshift properties such as X-ray luminosities and temperatures, gas mass fractions, entropy and density profiles, integrated Sunyaev-Zel'dovich signal, I-band massto-light ratio, dominance of the brightest cluster galaxy and central black hole masses and concluded that the fiducial AGN model (agn 8.0) produces a realistic population of galaxy groups and clusters, broadly reproducing both the median trend and, for the first time, the scatter in physical properties over approximately two decades in mass (10 13 M⊙ M500 10 15 M⊙) and 1.5 decades in radius (0.05 r/r500 1.5). In McCarthy et al. (2014) , we investigated the sensitivity of the thermal Sunyaev-Zel'dovich power spectrum to important non-gravitational physics and found that while the signal on small and intermediate scales is highly sensitive to the included galaxy formation physics, it is only mildly affected on large scales.
We note that no explicit attempt was made in cosmo-OWLS to calibrate the simulations to reproduce the hot gas properties of groups and clusters. As a consequence, some of the models perform better than others in terms of their comparison with observational data. McCarthy et al. (2016) have recently calibrated the same simulation code to better reproduce the stellar masses of galaxies, while also reproducing the observed trend between hot gas mass fraction and halo mass as inferred from X-ray observations. The calibrated model is referred to as bahamas. In terms of the local gas-phase properties, the bahamas model is similar to the cosmo-OWLS agn 8.0 model. We will briefly comment below on any significant differences in the predicted evolution of the mass-observable relations of the bahamas and agn 8.0 models, but defer a detailed study of the bahamas model to future work (Barnes et al. 2017 ).
SELF-SIMILAR SCALINGS
The dominant force in the formation and evolution of galaxy clusters is gravity. Since gravity is scale free, galaxy clusters are, to 'zeroth order', expected to obey self-similarity, such that the properties only depend upon the cluster mass, and more massive galaxy clusters are just scaled up versions of less massive ones with a scaling factor that depends only upon the mass ratios (e.g. White & Rees 1978; Kaiser 1986; Voit 2005) . While not expected to be strictly valid in a universe with a significant baryonic component 2 (since baryons can radiate, which leads to star and black hole formation and then feedback), the self-similar model is still quite useful as a baseline for the interpretation of simulations and observations alike.
If one defines the total cluster mass (denoted as M∆) as that contained within a region that encloses a mean overdensity ∆ρcrit(z) 3 , then, under the assumption of self-similarity, one can predict both the redshift evolution (which is in this case only due to the increasing mean density of the Universe) and the slope of a given mass-observable relation. The redshift dependence comes from the evolution of the critical density for closure:
where
gives the evolution of the Hubble parameter, H(z), in a flat ΛCDM Universe. For instance, since
by definition, the cluster size scales as
Gas falling into a cluster potential well is heated via shocks and will eventually settle and achieve approximate virial equilibrium within that potential. The gas is then expected to have a temperature that is close to the virial temperature:
where kB is the Boltzmann constant and µ is the mean molecular weight. Thus, the self-similar temperature-total mass relation can be obtained by combining equations (4) and (5) and is as follows:
The bolometric X-ray emission of massive clusters is dominated by thermal bremsstrahlung, implying that it scales as
∆ as the cooling function Λ(T ) ∝ T 1/2 , which combined with equations (4) 2 Note that even if one completely neglects baryons and their associated non-gravitational physics (as in the case of a dark matter only simulation), haloes still do not strictly obey self-similarity. That is because in cold dark matter models the smallest objects collapse first, while the most massive (galaxy clusters) are still collapsing today. The internal structure of haloes is sensitive to the time of collapse via the evolution of the background density (e.g. Wechsler et al. 2002) . Thus, while gravity may be scale free, the finite age of the Universe imprints a scale in structure formation.
and (6) gives the self-similar bolometric X-ray luminositytotal mass and bolometric X-ray luminosity-temperature relations (we examine the luminosity-temperature relation in Appendix C):
and
Hereafter, the bolometric X-ray luminosity L bol X will be simply denoted as LX .
Finally, YSZ,∆ ∝ YX,∆ ≡ Mgas,∆T∆ ∝ M∆T∆ assuming a constant gas fraction. Thus, the self-similar integrated Sunyaev-Zel'dovich signal-total mass and YX -total mass relations follow from equation (6):
With the launch of the first X-ray telescopes, such as the Einstein Observatory, EXOSAT and ROSAT, in the 1980s-1990s, it was quickly realised that the self-similar model was incompatible with the observations of the X-ray luminosity-temperature relation (e.g. Mushotzky 1984; Edge & Stewart 1991; Markevitch 1998; Arnaud & Evrard 1999; Lumb et al. 2004; Osmond & Ponman 2004; Pratt et al. 2009; Hilton et al. 2012) , which was found to be significantly steeper than the self-similar expectation (LX ∝ T α with α ≃ 2.5 − 3 for clusters and likely even steeper for groups). This led to the conclusion that some non-gravitational processes, most likely connected to galaxy formation, must be breaking the self-similarity by introducing some physical scales (see for instance Evrard & Henry 1991; Kaiser 1991 , for the first proposed solutions to this puzzle).
However, it should be noted that the X-ray luminosity is likely to be particularly sensitive to non-gravitational physics, since the luminosity is dominated by dense, centrally-concentrated gas with short cooling times and is therefore likely to be significantly affected by radiative cooling and feedback. Other quantities, such as the mean temperature or integrated SZ flux, are not expected to deviate as strongly from the self-similar prediction, owing to their stronger contribution from gas at large radii which is less affected by non-gravitational processes. Furthermore, even if (some of) the local relations do not strictly obey selfsimilarity with mass, the evolution can still be close to the self-similar prediction (and self-similarity with mass may be a better approximation to the truth at higher redshift than in the local Universe). At present, there are precious few constraints on the evolution of the hot gas properties of clusters that are robust to uncertainties in selection effects. For these reasons, self-similar evolution is still commonly adopted in cosmological analyses (e.g. Allen et al. 2008; Vikhlinin et al. 2009b; Planck Collaboration 2013 XX; Mantz et al. 2014 Mantz et al. , 2015 Planck Collaboration 2015 XXIV) .
FITTING OF RELATIONS
Our characterisation of the scaling relations is a two-stage process, in which we first derive the median mass-observable (z = 0, 0.125, 0.25, 0.375, 0.5, 0.75, 1.0, 1.25 and 1.5) . To characterise the scatter about the median relations, we simply divide each cluster's observable value by that expected from (a cubic spline interpolation of) the median mass-observable relation, Y spline . We then fit the residuals (i.e. measure the scatter) in four bins of M500 (chosen to be log 10 [M500(M⊙)] = 13.0 − 13.5, 13.5 − 14.0, 14.0 − 14.5 and 14.5 − 15.5) with a log-normal distribution of the form:
where X = Y /Y spline . When fitting the log-normal distribution, we fix µ = 0 (i.e. the central value of the histogram is imposed to be the median observable in the corresponding mass bin i.e. Y = Y spline ) and use the mpfit least-square minimization package in idl (Markwardt 2009 ) to perform the fitting. Note that the binsize prefactor is needed to convert the log-normal PDF into a histogram whose bin width is equal to binsize. The binsize is set to the width (in linear units) of the distribution enclosing the central 90 per cent of the simulated systems divided by a factor of ten (i.e. the width of the distribution is resolved with ten bins).
For comparison, we have also computed the root mean square (RMS) dispersion about the median scaling relations as a function of mass and redshift as follows:
where Nj(z) is the number of system in mass bin j at redshift z and Y spline,i (z) is the value of Y (z) obtained for M500,i(z) using the best-fitting spline. Since the trends obtained using the RMS dispersion are nearly identical to the ones obtained with the log-normal scatter (the RMS scatter tends to be only slightly larger than the log-normal estimate), in the remainder of the paper, we only present the results obtained for the log-normal scatter described above.
From the above procedure, we obtain a median massobservable scaling relation and the log-normal scatter about it (and its dependence on mass) as a function of redshift for each of the simulation models. We then fit an evolving power-law of the form:
to the median relations and the log-normal scatter about them. Note that self-similar theory predicts that the massobservable relations should be single power-laws in both mass and E(z). However, as we will demonstrate below, a single power-law in mass does not describe the massobservable relations particularly well. For this reason, we also consider an evolving broken power-law of the form: where
Finally, we also try an evolving broken power-law with a redshift dependent low-mass power-law index of the form:
The motivation for a redshift-dependent low-mass power-law index is that groups are more sensitive to nongravitational physics than more massive clusters. Consequently, their evolution deviates more strongly from the selfsimilar prediction, which we demonstrate in detail below. The functional form of the redshift dependence of the lowmass power law index was empirically inferred by looking at the redshift dependence of β ′ (and γ ′ ; see Fig. 3 and corresponding text).
Note that in all three cases (equations 12, 13 and 15), we held the mass pivot point fixed to 10 14 M⊙. There are two main reasons for this: virtually all of the scaling relations appear to break at M500 ∼ 10 14 M⊙ for the radiative models, and having a fixed pivot point makes the comparison between different physical models and fitting formulae straightforward.
Note that here χ 2 is defined as
where Y bf,i is given by one of the following equations: (12), or (13) or (15); as no errors can straightforwardly be assigned to the variables (this is especially true when we fit the median scaling relations since, in this case Yi is held fixed to Y i,spline as is explained at the beginning of this Section) 4 .
For the same reason, the quoted errors for the best-fitting parameters should be taken 'with a pinch of salt' as they have been computed by rescaling the diagonal values of the covariance matrix computed by mpfit so that the χ 2 per degree of freedom is equal to 1 (according to the suggestion in the documentation of mpfit). It should nevertheless be noted that they are, most of the time, much smaller than the differences between the different physical models. Additionally, error bars are not relevant when comparing different physical models which were started from the same initial conditions as is the case here.
The results of fitting the evolving power-law and broken power-law with an evolving low-mass power-law index for the agn 8.0 simulation (our most realistic model, see L14) are presented in Tables 2 and 3, respectively 5 . Hereafter, β, ǫ ′ and ǫ ′′ are called the mass slope. It is worth mentioning that we also experimented with characterising the evolution of median relations and the scatter about them using powers of 1+z instead of E(z), as is sometimes done in the literature for simulations and observations alike (e.g. Ettori et al. 2004; Maughan et al. 2006; Kay et al. 2007; Sehgal et al. 2011; Lin et al. 2012) . However, we found that this generally leads to poorer fits and we will thus not discuss the results obtained using powers of 1 + z any further.
In Fig. 1 , we show examples of our fits at various redshifts for one of the variables studied here: the gas mass, which is a representative variable. In each panel, the grey dots correspond to the individual simulated groups and clusters with log 10 [M500(M⊙)] 13.0 taken from the agn 8.0 model, the solid blue, green and red lines respectively correspond to the best-fitting evolving power-law (equation 12), broken power-law (equation 13) and broken powerlaw with a redshift dependent low-mass power-law index (equation 15) to the median gas mass in bins of mass and redshift and the dashed red lines correspond to the bestfitting evolving broken power-law with a redshift dependent low-mass power-law index to the log-normal scatter in bins of mass and redshift. For z 1.5, the median relations and the scatter about them are reasonably well modelled by evolving broken power-laws with redshift dependent lowmass power-law indices of the form given by equation (15), whereas power-laws and broken power-laws of the form given by equations (12) and (13) fail to reproduce the median relations, especially at the low-mass end.
EVOLUTION OF THE MASS SLOPE
We start by examining the evolution of the logarithmic slope (the mass slope) of the total mass-observable relations. Note that, by definition, no evolution of the mass slope is expected in the context of the self-similar model. The slope of a particular relation is fixed and can be predicted assuming only Newtonian gravity and that the gas is in virial equilibrium (see Section 3). Any evolution or deviation at any redshift from the predicted mass slope signals that either some non-gravitational physics is at play, or that the gas is not virialised (or both).
5 The results for the other simulations are given in Appendix B. In each panel, the grey dots correspond to the individual simulated groups and clusters with log 10 [M 500 (M ⊙ )] 13.0, the solid blue, green and red lines respectively correspond to the best-fitting evolving power-law (equation 12), broken power-law (equation 13) and broken power-law (equation 15) with a redshift dependent low-mass power-law index to the median gas mass. The dashed red lines correspond to the best-fitting evolving broken power-law with a redshift dependent low-mass power-law index to the log-normal scatter in bins of mass and redshift. The median relations and the scatter about them are reasonably well modelled by evolving broken power-laws with redshift dependent low-mass power-law indices of the form given by equation (15), whereas the other functional forms fail to reproduce the median relations, especially at the low-mass end.
In Figs. 2 and 3, we show the evolution of the mass slopes from z = 0 to z = 1.5 for the scaling relations between total mass and core-excised 6 temperature (for both mass-weighted and X-ray spectroscopic temperature), bolometric X-ray luminosity, gas mass, YX , and the integrated Sunyaev-Zel'dovich signal for each of the four physical models (different coloured curves). Fig. 2 shows the evolution of the mass slope obtained when we fit a single power-law (equation 12) at each individual redshift (and so omitting Figure 3 . Evolution of the mass slopes of the scaling relations between total mass and core-excised temperature (for both mass-weighted and X-ray spectroscopic temperature), bolometric X-ray luminosity, gas mass, Y X , and the integrated Sunyaev-Zel'dovich signal (from top left to bottom right). In each subpanel, we plot the evolution of the low-mass (left panel) and high-mass (right panel) best-fitting power-law indices obtained by fitting the broken power-law given by equation (13) at each redshift independently. The solid curves (red, orange, blue and green) correspond to the different models and the horizontal dashed lines to the self-similar expectation, respectively. With the exception of the X-ray temperature and the soft X-ray luminosity, for both the low-mass and the high-mass slopes, the non-radiative (nocool) model and the ref model (which neglects AGN feedback) are approximately consistent with the self-similar expectation, whereas the models that include AGN feedback deviate significantly from self-similarity. The main differences between the two power-law indices at fixed scaling relation and physical model is that the low-mass one displays a stronger redshift dependence and tends to deviate more strongly from self-similarity.
the E(z) factor for the moment), while Fig. 3 shows the evolutions of the low-mass (left panel) and high-mass (right panel) mass slopes resulting from the fitting of the broken power-law in equation (13) to the median scaling relations at each individual redshift. In each panel, the solid curves (red, orange, blue and green) correspond to the different simulations and the horizontal dashed lines to the self-similar expectation. Figure 2 . Evolution of the mass slope of the scaling relations between total mass and core-excised temperature (for both massweighted and X-ray spectroscopic temperature), bolometric X-ray luminosity, gas mass, Y X and the integrated Sunyaev-Zel'dovich signal (from top left to bottom right). In each panel, we plot the evolution of the best-fitting power-law indices obtained by fitting the power-law given by equation (12) at each individual redshift. The solid curves (red, orange, blue and green) correspond to the different simulations and the horizontal dashed lines to the self-similar expectation, respectively. The AGN models show significant deviations from self-similarity for all the scaling relations, except for the mass-temperature relation for which only a mild deviation is predicted (independent of the included subgrid physics). The deviations from self-similarity increase with decreasing redshift for the AGN models. The models which lack efficient feedback (i.e. nocool and ref) show approximately selfsimilar behaviour for most scaling relations. metric X-ray luminosity-total mass relation, for which the mass slope displays strong simultaneous redshift and nongravitational physics dependencies. When the self-similar prediction of 4/3 (see equation 7) is considered, even the non-radiative simulation (nocool) and the simulation which neglects AGN feedback altogether (ref) have bolometric X-ray luminosity-mass scaling relations that are slightly steeper than self-similar, and this nearly independently of redshift for both models but only at high-mass for ref.
The deviations from self-similarity are probably due to the fact that the gas does not trace the dark matter (it has e.g. a different mass-concentration relation compared to the dark matter) which affects both the density and the temperature, and hence the X-ray luminosity. The temperature and density are also potentially affected by non-thermal pressure support. It is worth mentioning that this scaling relation is steeper in the calibrated bahamas model than for both of the agn models discussed here and that this is only the case at the low-mass end.
The total mass-gas mass relation is steeper than the self-similar slope of 1 (which corresponds to gas tracing total mass, with a constant gas fraction) for all of the radiative models, whereas it is consistent with self-similarity for the non-radiative (nocool) model. These results are approximately independent of mass and redshift for the nocool and ref models. For the models that include AGN feedback, the mass slope steepens with decreasing redshift and mass, moving away from the self-similar expectation at low redshifts. The low-mass regime shows a particularly large deviation with respect to the self-similar result (see Fig. 3 ), with the slope approaching 3/2 at late times. The fact that the mass slope deviates most strongly from the self-similar result at low masses makes sense, since the AGN feedback is more efficient at ejecting gas from the highredshift progenitors of groups than those of massive clusters (McCarthy et al. 2011) . That the mass slope moves further away from the self-similar result with decreasing redshift is also understandable, since haloes of fixed mass (as we consider here) have shallower potential wells at low redshift, as we discuss further below. It is noteworthy that the gas mass-total mass relation is the only other scaling (besides the soft X-ray luminosity-total mass one) whose slope has been affected by the calibrations undertaken as part of the bahamas project: it is slightly steeper at the low-mass end than both agn 8.0 and 8.5.
In the bottom panels of Figs. 2 and 3, we examine the slopes of the relations between total mass and the integrated Sunyaev-Zel'dovich signal and its X-ray analogue, YX . The models that neglect feedback (nocool and ref) exhibit approximately self-similar behaviour over the full range of redshifts we explore. The inclusion of AGN feedback, however, results in mass slopes that are significantly steeper than the self-similar expectation of 5/3, but move closer to the self-similar result with increasing mass and redshift, in analogy to the gas mass trends discussed above. Taken at face value, the results obtained here for the Sunyaev-Zel'dovich signal in the agn models conflict with the observational results of Planck Intermediate Results XI and Greco et al. (2015) . But, as discussed in detail in Le Brun et al. (2015) (see especially their fig. 5 and also fig. 20 of McCarthy et al. 2016 ), due to its limited resolution (∼ 5 arcminutes beam), Planck does not measure the Sunyaev-Zel'dovich flux within r500 but within a much larger aperture of size 5r500. This effectively diminishes the sensitivity of the Sunyaev-Zel'dovich signal to the impact of the non-gravitational physics of galaxy formation.
Finally, it is worth pointing out that all the above results are independent of the choice of cosmology.
In short, we find that our most realistic models that include efficient feedback from AGN predict significant deviations in the mass slope from the self-similar expectation for all of the scaling relations we have examined. The one exception to this is the mass-temperature relation (especially in the mass-weighted case), where only a small deviation from the self-similar expectation is found (this is generally true, independent of the details of the included ICM Figure 4 . Evolution of the normalisations of the scaling relations between total halo mass and core-excised temperature (for both mass-weighted and X-ray spectroscopic temperature), bolometric X-ray luminosity, gas mass, Y X and the integrated Sunyaev-Zel'dovich signal (from the top left subpanel to the bottom right subpanel). The amplitude of each scaling relation in the four log 10 [M 500 (M ⊙ )] bins (denoted by solid lines of different colours) has been normalised by the self-similar expectation for the redshift evolution at fixed mass (shown as an horizontal dashed line). The different panels (continued over the page) correspond to the different physical models. The mass-temperature relation evolves in a negative fashion with respect to the self-similar model (i.e. slower), independently of the included ICM physics. The gas mass evolves approximately self-similarly for the non-radiative simulation but shows a positive evolution (i.e. faster than self-similar) when radiative cooling and particularly AGN feedback is included, a result which is strongly mass dependent. The SZ flux and Y X evolve negatively with respect to the self-similar expectation for models which neglect efficient feedback, driven by the negative evolution of the temperature. When AGN feedback is included, the sign of evolution of the SZ flux and Y X with respect to self-similar depends on halo mass, driven by the strong halo mass-dependence of the gas mass evolution combined with the negative evolution of the temperature. physics). For the other scaling relations, all of which depend directly on the gas density/mass, the deviations from the self-similar prediction are strongest at low redshifts and low halo masses. The models that neglect efficient feedback (nocool and ref), on the other hand, have mass slopes that are approximately consistent with self-similar expectations.
EVOLUTION OF THE NORMALISATION
In Fig. 4 , we show the evolution of the normalisation of the scaling relations between total mass and core-excised temperature (for both mass-weighted and X-ray spectroscopic temperature), bolometric X-ray luminosity, gas mass, YX and the integrated Sunyaev-Zel'dovich signal (from top left to bottom right). The amplitude of each scaling relation in the four log 10 [M500(M⊙)] bins (denoted by solid lines of different colours) has been normalised by the self-similar expectation for the redshift evolution at fixed mass (shown as an horizontal dashed line). In the remainder of the paper, a scaling relation whose E(z) exponent is smaller (larger) than the self-similar expectation listed in Section 3 will be referred to as having negative (positive) evolution.
We first consider the evolution of the mass-temperature relation. Interestingly, the normalisation of this relation evolves in a negative sense with respect to the self-similar expectation, such that the spectroscopic (mass-weighted) temperature is predicted to be ≈ 30% (≈ 15%) lower than predicted using self-similar arguments by z = 1. This negative evolution is approximately independent of halo mass and only weakly dependent on the included gas physics. That the negative evolution is approximately independent of the included physics implies that it is mainly a consequence of the merger history of clusters. Two possible causes are: a change in the mass structure of haloes with redshift (i.e. evo- lution of the mass-concentration relation) and/or a change in the degree of virialisation of the gas with redshift. We expect the former effect to be quite weak, as it only affects the mean temperature through a slight change in the weighting of the particles when calculating the mean.
We have examined the degree of virialisation of the gas as a function of redshift, by tracking the evolution of the ratio of kinetic to thermal energy of the hot gas in different fixed mass bins (see Fig. 5 ). We find that, independently of the included gas physics, haloes of fixed mass have strongly increasing kinetic-to-thermal energy ratios with increasing redshift, evolving from a typical value of 10-15 per cent at z = 0 up to 20-30 per cent by z = 1. These kinetic motions (in both bulk flows and turbulence) act as a source of non-thermal pressure support that increases with increasing redshift, implying that a lower temperature (with respect to low-redshift clusters of the same mass) is required to achieve equilibrium within the overall potential well at high redshift and therefore likely drive the negative evolution (with respect to self-similarity) of the mass-temperature relation. We therefore warn against the 'simplistic' interpretation of deviations of any scaling relation from self-similar evolution as indication of the effects of non-gravitational physics.
The amplitude of the bolometric X-ray luminosity-total mass relation evolves positively for all the models which include efficient feedback (i.e. the agn models). The amplitude of the evolution is strongly mass dependent, slightly redshift dependent (it flattens out as redshift increases) and is strongly sensitive to the non-gravitational physics of galaxy formation (it becomes more positive as the feedback intensity is increased with a reversal from mostly negative to mostly positive when AGN feedback is included). The slight negative evolution in the models without AGN feedback is most likely due to the negative evolution of the masstemperature relation whereas the positive evolution is linked to 'ease' of gas ejection (see the discussion about the evolution of the total mass-gas mass relation below).
The total mass-gas mass relation is approximately consistent with self-similar evolution for the nonradiative model, but exhibits positive evolution when non-gravitational physics is included, particularly when the feedback 'intensity' is increased (going from ref to agn 8.0 to agn 8.5). For our most realistic models (i.e. the agn models), the evolution is strongly mass dependent and somewhat redshift dependent.
A likely explanation for the strong positive evolution of the gas mass (and X-ray luminosity) is that, since haloes of fixed mass are denser at higher redshifts, more energy is required to eject gas from these higher redshift haloes. More precisely, the binding energy can be approximated by Figure 5 . Evolution of the kinetic to thermal ratio from z = 0 to z = 1.5 in each of the four log 10 [M 500 (M ⊙ )] bins (denoted by solid lines of different colours). The kinetic-to-thermal ratio increases with increasing redshift and that independently of mass and physical models. The introduction of AGN feedback notably increases the importance of the kinetic motions in the galaxy groups regime. These results are independent of cosmology.
which combined with equation (4) gives
Hence, the binding energy increases with redshift making expulsion of gas due to outflows more difficult. Note that the supermassive black holes that power the AGN could 'know' about the evolution of the binding energy of their host dark matter halo in the sense that the black hole masses are determined by their halo binding energy through their selfregulation (see Booth & Schaye 2010 . However, the growth of black holes in massive galaxies may be governed by black hole mergers rather than by self-regulated gas accretion (e.g. Peng 2007 ).
The integrated SZ flux and YX show perhaps the most interesting behaviour, in terms of the evolution of the amplitude of their relations with halo mass. For models with inefficient feedback, there is a mild negative evolution with respect to the self-similar expectation, which is driven by the negative evolution of the temperature combined with the nearly self-similar evolution of the gas mass (note that YX,SZ,∆ ≡ Mgas,∆T∆). Things get more interesting when AGN feedback is included. In particular, low-mass haloes display a positive evolution with respect to the self-similar result, whereas high-mass haloes show negative evolution. This change in the sign of the effect with respect to the selfsimilar model is driven by the strong halo mass-dependence of the gas mass evolution. In particular, low-mass haloes show a strong positive evolution in the gas mass that more than compensates for the negative evolution in the temperature, leading to a positive evolution in the SZ flux and YX. High-mass haloes, however, show little evolution in the gas mass (their gas fractions are already near the universal fraction Ω b /Ωm) and, when combined with the negative evolution in the temperature, this leads to a negative evolution of the SZ flux and YX with respect to the self-similar expectation.
We note that all the results described in this section are approximately independent of the choice of cosmology, in the sense that the general trends are preserved but the exact values of e.g. the E(z) exponents are slightly different. The only noteworthy difference is that the highest mass bin evolves somewhat faster for all the scalings considered in the WMAP 7 runs compared to the Planck runs. The calibrated bahamas model has an evolution which is bracketed by that of agn 8.0 and agn 8.5 for all the scalings but the mass-temperature one (for both mass-weighted and X-ray temperature).
To summarise, the mass-temperature relation evolves in a negative fashion with respect to the self-similar model, independently of the included ICM physics. The gas mass evolves approximately self-similarly for the non-radiative simulation but shows a positive evolution when radiative cooling and particularly AGN feedback is included, a result which is strongly mass dependent. The SZ flux and YX evolve negatively with respect to the self-similar expectation for models without efficient feedback, driven by the negative evolution of the temperature. When AGN feedback is included, however, the sign of evolution of the SZ flux and YX with respect to self-similar depends on halo mass (positive evolution for low-mass haloes, negative evolution for highmass haloes), driven by the strong halo mass-dependence of the gas mass evolution combined with the negative evolution of the temperature.
EVOLUTION OF THE SCATTER
Having quantified the evolution of the median relations between total mass and the various hot gas observables, we now move on to an examination of the scatter about these relations. Quantifying the degree of scatter (and its possible dependence on halo mass, redshift and ICM physics) is extremely important for cosmological studies using cluster abundances, since the associated Eddington bias can be significant due to the steepness of the halo mass function.
In Fig. 6 , we show the evolution of the log-normal scatter (at fixed total mass) about the scaling relations between total halo mass and core-excised X-ray spectroscopic temperature, bolometric X-ray luminosity, gas mass, YX and the integrated Sunyaev-Zel'dovich signal (from top to bottom). For each simulation and each scaling relation, we plot Figure 7 . Log-normal scatter of the scaling relations between total mass and core-excised X-ray spectroscopic temperature, X-ray luminosity, gas mass, Y X and the integrated Sunyaev-Zel'dovich signal (from top to bottom) at z = 0 (left) and z = 1 (right). For each scaling relation and each redshift, we plot the log-normal scatter as a function of M 500 and denote the physical model using lines of different colours. The amplitude of the scatter tends to increase with increasing feedback (be it from SN or AGN) intensity at both redshifts.
the log-normal scatter as a function of M500 and denote the redshift using lines of different colours.
For most scaling relations, the log-normal scatter varies only mildly with mass, usually changing by less than a factor of ≈ 2−3 over 1.5 decades in M500. Nevertheless, it is clearly mass dependent in all of the models, whereas virtually all current observational studies adopt mass-invariant scatter.
The amplitude of the scatter at fixed redshift is sensitive to the included non-gravitational physics, with the amplitude tending to increase with increasing complexity (and realism) of the included galaxy formation physics and with increasing AGN feedback intensity, as can be seen more easily in Fig. 7 (for both z = 0 and z = 1). This is perhaps not so surprising, as we know that AGN feedback is having a large effect on the mean properties.
On the positive side (for observational studies), the amplitude of the scatter tends to decrease with increasing redshift, which is likely due to the lessening importance of nongravitational physics at higher redshifts when examining the evolution of haloes of fixed mass. Typically, the scatter is reduced by ∼ 50 per cent from z = 0 to z = 1. Figure 6 . Evolution of the log-normal scatter about the scaling relations between total mass and core-excised X-ray spectroscopic temperature, bolometric X-ray luminosity, gas mass, Y X and the integrated Sunyaev-Zel'dovich signal (from the top subpanel to the bottom subpanel). For each simulation and each scaling relation, we plot the log-normal scatter as a function of M 500 and denote the redshift using lines of different colours. The different columns (continued over the page) correspond to the different physical models. For most scaling relations, the log-normal scatter varies only mildly with mass, is somewhat sensitive to non-gravitational physics, but displays a moderately strong redshift dependence (it tends to decrease with increasing redshift). With the exception of the X-ray luminosity, all the examined hot gas mass proxies have a similar scatter at fixed total mass of about 10 per cent.
c 2016 RAS, MNRAS 000, 1-30 Table 4 . Scatter about the median scaling relations at z = 0. σ ln Y |M was computed using the best-fitting A ′′ values for the log-normal scatter of the agn 8.0 model listed in Table 3 . σ ln M |Y was computed as a sigma-clipped root mean square deviation from the (cubic spline interpolation of) the median M − Y relation (analogous to equation 11) of the agn 8.0 model. The zero-point uncertainty of Y was estimated as the root mean square dispersion of the normalisation A of the best-fitting evolving power-law obtained for the median relations of the three radiative models (ref, agn 8.0 and 8.5) and by multiplying it by ln 10. The observational constraints on σ ln Y |M are summarised in the final column.
Scaling relation
We note that the results above are generally robust to changing the cosmology from Planck to WMAP 7. Table 4 summarises the scatter about the median scaling relations at z = 0. The scatter in the observable at fixed mass, σ ln Y |M , is computed using the best-fitting A ′′ values for the log-normal scatter of the agn 8.0 model listed in Table 3 . σ ln M |Y was computed as a sigma-clipped (using a threshold value of 2σ for the clipping) root mean square deviation from the (cubic spline interpolation of) the median M − Y relation (analogous to equation 11) of the agn 8.0 model. The zero-point uncertainty of Y was estimated by computing the root mean square dispersion of the normalisation A of the best-fitting evolving power-law obtained for the median relations of the three radiative models (ref, agn 8.0 and 8.5) and by multiplying it by ln 10. The unphysical non-radiative simulation (nocool) was excluded from the computation.
All but one of the hot gas proxies examined here have a similar scatter at fixed total mass of order 10 per cent. Note, however, that the mass dependence is significant (see Fig. 7 ). The bolometric X-ray luminosity, which is the odd one out, has a significantly larger scatter at fixed total mass (it is about three times higher). The theoretical relations exhibit values of σ ln Y |M that are slightly smaller than some of the recent observational constraints, which are summarised in the rightmost column of Table 4 for a review). We caution that this difference is at least partly due to the fact that we are not using full synthetic X-ray observations of the 'depth' typical of these observational datasets. A careful comparison would also require us to fold in the full observational selection functions of these datasets, which is beyond the scope of this work. We note, 
SCATTER AND EVOLUTION OF THE HYDROSTATIC BIAS
High-quality X-ray observations that allow for the measurement of spatially-resolved temperature and density profiles can be used to derive a direct estimate of the total mass via the assumption of hydrostatic equilibrium. However, clusters are not expected to be perfectly in equilibrium, and simulations are often relied upon to calibrate the degree of 'hydrostatic bias' that is expected. While such hydrostatic analysis is generally applicable to local systems only, owing to the rapidly declining X-ray surface brightness with increasing redshift, it is nevertheless interesting to examine the evolution and scatter in the hydrostatic bias and its sensitivity to the included gas physics, as future X-ray missions such as eRosita and eventually Athena will be able to extend this kind of analysis to higher redshifts.
(Stacking of large numbers of high-redshift systems in current data, to derive mean hydrostatic halo mass estimates, is also possible.) We note that there has already been considerable attention devoted to quantifying the hydrostatic bias in simulated clusters (e.g. Evrard et al. 1996; Kay et al. 2007; Nagai, Vikhlinin & Kravtsov 2007b; Piffaretti & Valdarnini 2008; Meneghetti et al. 2010; Battaglia et al. 2012; Kay et al. 2012; Rasia et al. 2012 Rasia et al. , 2014 . However, most of these studies examined only relatively small samples of clusters in zoomed simulations and could not explore the system-to-system scatter in the hydrostatic bias and its evolution, which we do below.
The hydrostatic masses were computed as in L14. Briefly, the parametric models of Vikhlinin et al. (2006) were fitted to either the temperature and density profiles coming from the results of the spectral fitting or the massweighted profiles over the radial range [0.1 − 1.1]r500 and hydrostatic equilibrium was assumed to compute the mass profiles.
In Figs. 8 and 9 , we show the evolution of the mass slopes from z = 0 to z = 1.5 for the total mass-hydrostatic mass scaling relations for each of the four physical models. In Fig. 8 , we plot the redshift evolution of the bestfitting power-law indices obtained by fitting the power-law given by equation (12), whereas in Fig. 9 , we plot the redshift evolutions of the low-mass (top panel) and high-mass (bottom panel) best-fitting power-law indices obtained by fitting the broken power-law given by equation (13). The solid curves (red, orange, blue and green) represent the var- Figure 11 . Evolution of the log-normal scatter about the total mass-hydrostatic mass scaling relations obtained when using either the density and temperature profiles coming from the results of the spectral fitting (bottom subpanels) or the mass-weighted profiles (top subpanels) to compute the hydrostatic masses. For each simulation and each scaling relation, we plot the log-normal scatter as a function of M 500 and denote the redshift using lines of different colours. For both types of hydrostatic masses, the log-normal scatter varies only mildly with mass, but displays slightly stronger redshift (it tends to increase with increasing redshift contrarily to most of the hot gas scalings; see Fig. 6 ) and gravitational physics dependencies. About 0.04 dex additional scatter is introduced in the relation by the use of spectral fitting to obtain the density and temperature profiles. Figure 8 . Evolution of the mass slope of the total masshydrostatic mass scaling relations obtained when using either the density and temperature profiles derived from spectral fitting (right) or the mass-weighted profiles (left) to compute the hydrostatic masses. In each panel, we plot the redshift evolution of the best-fitting power-law indices obtained by fitting the broken power-law given by equation (12). The solid curves (red, orange, blue and green) correspond to the different simulations and the horizontal dashed lines to the self-similar expectation, respectively. The mass-weighted hydrostatic mass tracks the absolute mass well (i.e. M 500,hse,mw ∝ M 500 ), whereas the spectroscopically-derived hydrostatic mass tracks the true halo mass slightly less well, with M 500,hse,spec ∝ M 0.9 500 typically. Figure 9 . Evolution of the mass slope of the total masshydrostatic mass scaling relations obtained when using either the density and temperature profiles derived from spectral fitting (right subpanels) or the mass-weighted profiles (left subpanels) to compute the hydrostatic masses. In each subpanel, we plot the redshift evolution of the low-mass (top panel) and high-mass (bottom panel) best-fitting power-law indices obtained by fitting the broken power-law given by equation (13). The solid curves (red, orange, blue and green) correspond to the different simulations and the horizontal dashed lines to the self-similar expectation, respectively. The mass-weighted hydrostatic mass tracks the absolute mass well (i.e. M 500,hse,mw ∝ M 500 ), whereas the spectroscopically-derived hydrostatic mass tracks the true halo mass less well, with the exact scaling depending on the included gas physics and halo mass range. Figure 10 . Evolution of the normalisation of the total masshydrostatic equilibrium bias scaling relations obtained when using either the density and temperature profiles derived from from spectral fitting (right subpanels) or the mass-weighted profiles (left subpanels) to compute the hydrostatic masses. The four log 10 [M 500 (M ⊙ )] bins are denoted by solid lines of different colours and the different panels correspond to the different physical models. A mass and non-gravitational physics dependence is introduced when the profiles coming from the spectral fitting are used. Galaxy groups and clusters have different sensitivity to galaxy formation physics: their hydrostatic equilibrium biases vary in opposite directions with increased feedback intensity.
ious simulations. The horizontal dashed lines correspond to the self-similar expectation (i.e. hydrostatic mass tracks the true mass). We consider two varieties of hydrostatic mass: one where we use the mass-weighted density and temperature profiles directly from the simulations (left panels) and one where we use the spectroscopically-derived density and temperature profiles in the hydrostatic equation (right panels). The former is a better indicator of the true degree of hydrostatic bias, whereas the latter is also sensitive to observational biases in the derived gas density and temperature profiles (e.g. due to gas clumping and multiphase structure). When the hydrostatic masses are computed using the mass-weighted profiles, the mass slopes are close to the selfsimilar expectation of 1, independent of mass, redshift and the nature of the included ICM physics. The use of the spectroscopic profiles, however, breaks the self-similarity, by making the relation shallower than the self-similar expectation of 1 in the vast majority of cases (the only exceptions being the high-mass end slope of the agn 8.0 model for z < 0.6). This is generally true for all redshifts, masses and physical models. It is worth mentioning that the model that displays the largest deviation from self-similarity is the unphysical non-radiative model nocool, likely due to the excessive gas clumping and high degree of multiphase structure present in this simulation. Because the gas is unable to radiate, large quantities of gas can exist at very high densities/short cooling times in the nocool model. Such gas is thermally unstable when radiative cooling is switched on and it quickly cools down to very low (non-X-ray-emitting) temperatures, where it is either converted into stars or heated by the central AGN. Thus, inclusion of radiative cooling and feedback generally leads to a less clumpy X-ray emitting ICM. Additionally, the mass slope is shallower for clusters than for groups and, in the clusters' case, the slope gets steeper with increasing feedback intensity. This is probably due to the fact that clusters, being less relaxed, tend to have more mass in substructures (be clumpier; see e.g. Neto et al. 2007) and to the degree of clumpiness being dependent on feedback intensity (see e.g. Battaglia et al. 2015) . Note that both are only apparent dependencies which are due to the use of the spectroscopic profiles since they disappear in the left panels of Fig. 9 when the mass-weighted profiles are used.
In Fig. 10 , we show the evolution of the normalisation of the total mass-hydrostatic equilibrium bias scaling relations obtained when using both the spectroscopic (right subpanels) and mass-weighted (left subpanels) density and temperature profiles to compute the hydrostatic masses. The results are shown for the four log 10 [M500(M⊙)] bins (denoted by solid lines of different colours).
When the hydrostatic masses are computed using the true mass-weighted profiles, the bias 1−b ≡ M 500,hse,mw/spec M 500 is nearly independent of redshift and only weakly dependent on mass and included gas physics, with a typical value of ≈ 0.8; i.e. M 500,hse,mw ≈ 0.8M500. The use of spectroscopic profiles changes the situation, however, introducing a strong mass dependence in the bias for the nocool and ref models. As already noted, this is likely due to the effects of gas clumping and the high degree of multiphase temperature structure present in these models, particularly the non-radiative one. Inclusion of energetic AGN feedback reduces the degree of gas clumping, which removes some (but not all) of the mass dependence of the spectroscopic 'hydrostatic' bias parameter. Typically, the spectroscopic bias parameter ranges between 0.7 to 1.0 depending on the exact mass range under consideration for the AGN feedback models, and is approximately independent of redshift. This is similar to the range (1 − b ≈ 0.7 − 0.95) suggested by recent measurements of the scaling relation between weak lensing (see e.g. von der Hoekstra et al. 2015; Penna-Lima et al. 2016; Smith et al. 2016) or CMB lensing (see e.g. Melin & Bartlett 2015) and hydrostatic masses. Finally, in Fig. 11 , we show the evolution of the lognormal scatter (at fixed total mass) about the total masshydrostatic mass scaling relations obtained when using either the spectroscopic (bottom subpanels) or mass-weighted (top subpanels) density and temperature profiles to compute the hydrostatic masses. For each simulation and each scaling relation, we plot the log-normal scatter as a function of M500 and denote the redshift using lines of different colours.
For both types of hydrostatic masses, the log-normal scatter varies only mildly with mass, but displays a slightly stronger redshift dependence, tending to increase with increasing redshift. This trend is contrary to that of the scaling relations we investigated in Section 7, which show decreasing scatter with increasing redshift. Only a modest amount of additional scatter (≈ 0.04 dex, typically) is introduced when we use the spectroscopically-derived bias as opposed to the mass-weighted hydrostatic bias.
It is noteworthy that, on average, the hydrostatic bias has a larger overall scatter than the other mass proxies (apart from the X-ray luminosity) we have considered (see Table 4 ) and becomes increasingly less competitive with the other proxies with increasing redshift. However, together with the core-excised X-ray temperature, it has the smallest zero-point uncertainty due to the uncertain nongravitational physics (see Table 4 and discussion in Section 10).
All these results are robust to changing the cosmology from Planck to WMAP 7.
COMPARISON WITH PREVIOUS WORK
Hot gas scaling relations and their (potential) deviations from self-similar expectations have been explored in a number of previous studies using cosmological hydrodynamical simulations, some of which also included AGN feedback (or preheating; Short et al. 2010; Stanek et al. 2010; Battaglia et al. 2010 Battaglia et al. , 2012 Fabjan et al. 2011; Planelles et al. 2013; Pike et al. 2014 ). Here we compare our findings with previous studies.
In terms of the mass slopes, Stanek et al. (2010) , Fabjan et al. (2011 ), Biffi et al. (2014 and Pike et al. (2014) all found that the slope of the mass-temperature scaling is shallower than the self-similar expectation, in agreement with the results of this study (but see Kravtsov et al. 2006 and Nagai et al. 2007a who found no deviation from self-similarity). It is worth noting though that Pike et al. found that the slope decreases with increasing redshift whereas we found a steepening and that Biffi et al. also concluded that some of the deviation is due to X-ray spectral fitting. Kay et al. (2012) and Battaglia et al. (2012) similarly saw a steepening of the SZ flux-mass relation when AGN feedback is included (but see Pike et al. 2014) , whereas Nagai (2006) concluded that galaxy formation physics has a small impact by comparing a non-radiative zoom simulation with one that included cooling and star formation but no AGN feedback. Our results on the SZ flux-mass relation are consistent with these studies, in that we find that inclu-sion of cooling, star formation, and stellar feedback (as in the ref model) does not significantly affect the slope of the relation, but the further inclusion of energetic AGN feedback, which lowers the gas fractions of groups, steepens the relation. Short et al. (2010) , Stanek et al. (2010) and Fabjan et al. (2011) , in agreement with the results discussed here, concluded that the mass-temperature relation evolves negatively (but see Nagai et al. 2007a ). Stanek et al. similarly attributed it to the fact that the kinetic-to-thermal ratio increases with redshift. In terms of the gas mass-total mass scaling, Planelles et al. (2013) found that it evolves self-similarly even when AGN feedback is included and Fabjan et al. (2011) found a mild positive evolution even in the adiabatic case and in a model similar in spirit to ref (see also Kravtsov et al. 2006) , both in clear disagreement with the present study. Note that for Planelles et al., this is due to the fact that the baryon fraction nearly tracks the universal baryon fraction Ω b /Ωm even in their simulations with AGN feedback (i.e. the feedback was not sufficiently energetic to lower the gas fractions of groups). Short et al. (2010) and Battaglia et al. (2012) reported noticeable deviations from self-similarity in the evolution of YX and SZ flux, respectively, in agreement with the results presented here, whereas Nagai (2006), Kay et al. (2012) , Pike et al. (2014) , Kravtsov et al. (2006) , Nagai et al. (2007a) and Fabjan et al. (2011) saw no deviations from the self-similar expectation for the normalisation of the SZ flux (for the first three references) and of YX (for the last three) even when non-gravitational physics is included. We again attribute these differences to inefficient feedback in these studies, that we argue, in McCarthy et al. (2011) and L14, is necessary to reproduce the observed low baryon fractions of groups. Nagai et al. (2007b) , in reasonable agreement with the present study, found a 5 − 20 per cent hydrostatic bias (see also e.g. Meneghetti et al. 2010; Battaglia et al. 2012; Rasia et al. 2012) . Additionally, Kay et al. (2012) reported a 20−30 per cent hydrostatic bias for the non-radiative runs and a ∼ 10 per cent decrease when non-gravitational physics is included, in agreement with the results presented here.
SUMMARY AND DISCUSSION
We have used the cosmo-OWLS suite of large-volume hydrodynamical simulations McCarthy et al. 2014) to investigate the scatter and evolution of the global hot gas properties of large populations of simulated galaxy groups and clusters. The simulations use 2 × 1024 3 particles in a 400 h −1 Mpc on a side box, and assume either a WMAP 7-year or a Planck 2013 cosmology. We have studied all the haloes with M500 10 13 M⊙ over the redshift range z = 0 − 1.5. For instance, there are over 25, 000 such systems in the Planck cosmology version of the nocool model. The most realistic models, which include efficient feedback from AGN, have been shown by Le Brun et al. to reproduce a wide range of observable properties of local systems. Note that cosmo-OWLS forms an extension of the OWLS project ) and was designed to help quantify the importance of uncertainties in 'sub-grid' physics for cluster cosmology efforts.
From the study presented here, we conclude the following:
(i) The median relations between (true) halo mass and the (core-excised) mass-weighted and X-ray spectroscopic temperature, bolometric X-ray luminosity, gas mass, Sunyaev-Zel'dovich (SZ) flux, its X-ray analogue and the hydrostatic mass, and the scatter about them are reasonably well modelled by evolving broken power-laws (equation 15), whereas single power-laws of the form given by equation (12) perform less well (Fig. 1) . In the agn models, the physical origin of this result is tied to the break of the self-similarity in the relation between gas mass fraction and halo mass (which is also observed): massive clusters have approximately constant gas fractions near the universal value of Ω b /Ωm, while for lower mass systems (M500 10 14 M⊙), the gas fraction is a steadily declining function of halo mass.
(ii) In terms of the mass slopes (i.e. the logarithmic slopes of the various mass-observable relations), we find that our most realistic (agn) models predict large deviations from the self-similar expectation for all of the scaling relations we have examined. The one exception is the mass-temperature relation, where only a weak, though still significant, deviation from self-similarity is found (independently of the details of the included ICM physics). For the other scaling relations, all of which depend directly on the gas density/mass, the deviation from the self-similar prediction is strongest at low redshifts and low halo masses. Models without efficient feedback (nocool and ref), on the other hand, have mass slopes that are approximately consistent with self-similar expectations (Figs. 2-3) .
(iii) In terms of the evolution of the normalisation of the scaling relations, we find that the mass-temperature relation evolves in a negative fashion with respect to the selfsimilar model (i.e. slower than predicted), independently of the included ICM physics. This is likely due to the increasing contribution of non-thermal pressure support with increasing redshift (the kinetic-to-thermal energy ratio of the ICM increases from a typical value of 10-15 per cent at z = 0 up to 20-30 per cent by z = 1; see Fig. 5 ). The gas mass evolves approximately self-similarly (i.e. remains constant) for the non-radiative simulation, but shows a positive evolution when radiative cooling and particularly AGN feedback is included, a result which is strongly mass dependent. We hypothesize that, in the case of the agn models, the positive evolution is due to the increasing binding energy of haloes of fixed total mass with increasing redshift (making gas expulsion more difficult at high redshift). The SZ flux and YX evolve negatively with respect to the self-similar expectation for models without efficient feedback, driven by the negative evolution of the temperature. When AGN feedback is included, however, the sign of the evolution of the SZ flux and YX with respect to self-similar depends on halo mass (positive evolution for low-mass haloes, negative evolution for high-mass haloes), driven by the strong halo massdependence of the gas mass evolution combined with the negative evolution of the temperature (Fig. 4) .
(iv) The scatter about the various mass-observable relations is mass dependent, varying by a factor of 2 − 3 over 1.5 decades in M500 (Fig. 7) . The overall amplitude of the scat-ter at fixed redshift is somewhat sensitive to the included non-gravitational physics, with the amplitude tending to increase with increasing complexity (and realism) of the included galaxy formation physics and with increasing AGN feedback intensity. Encouragingly, the overall amplitude of the scatter tends to decrease with increasing redshift, which is likely due to the lessening importance of non-gravitational physics at higher redshifts when examining the evolution of haloes of fixed mass. Typically, the scatter is reduced by ∼ 50 per cent from z = 0 to z = 1 (Fig. 6) . At z = 0, the X-ray temperature, gas mass, Sunyaev-Zel'dovich signal and YX all have similar amounts of scatter at fixed total mass (typically 10 per cent), whereas the bolometric X-ray luminosity has considerably larger scatter (Table 4) .
(v) We have also separately analysed the scatter and evolution in the hydrostatic mass-true mass relation (see Section 8 and Figs. 8-11) . We find that, overall, the hydrostatic mass tracks the true mass reasonably well (such that M 500,hse ∝ M500). The typical value of the true bias is 1 − b ≡ M 500,hse,mw M 500 ≈ 0.8 and is insensitive to redshift, true halo mass, and included ICM physics. When we derive hydrostatic masses using synthetic X-ray spectroscopy to infer the density and temperature profiles, however, the bias becomes more dependent on the true halo mass range and the included ICM physics, with typical median values ranging between 1 − b ≡ M 500,hse,spec M 500 ≈ 0.7 and 1.0 with little evolution. At z = 0, the typical level of scatter in the hydrostatic mass is 15 per cent (i.e. slightly larger than for most of the other proxies we have considered, barring the bolometric X-ray luminosity). However, contrary to what was found for the other proxies, the scatter in the hydrostatic mass increases with increasing redshift, making it an increasingly less competitive proxy at higher redshifts.
(vi) The bolometric X-ray luminosity-X-ray temperature relation qualitatively behaves in approximately the same way as the bolometric X-ray luminosity-mass relation (compare Figs. 2-6 to Figs. C1-C4). The differences can be explained by the behaviour of the mass-temperature relation.
(vii) The vast majority of these results are robust to changing the cosmology from Planck to WMAP 7. The only noteworthy exceptions are the high-mass ends of all the studied mass-observable relations and the bolometric X-ray luminosity-temperature relation which evolve slightly faster in the WMAP 7 cosmology.
Our results have highlighted that, while some of the trends are sensitive to the sub-grid modelling, there are many robust trends that are directly relevant for ongoing and upcoming surveys. For example, for samples including both galaxy groups and clusters, none of the massobservable relations are well-fit by a single power-law for any of the physical models (apart from the unphysical nonradiative model). We advocate the use of broken power-laws as an alternative. In terms of amplitude evolution, with the exception of the gas mass-halo mass relation restricted to high halo masses, none of the scaling relations we have examined evolves self-similarly in any of the models: we therefore warn against the 'simplistic' interpretation of deviations of any scaling relation from self-similar evolution as an indication of the effects of feedback processes. The precise evolution generally depends on the included ICM physics, for which we advocate using the predictions of the agn models (which at least reproduce the z = 0 cluster population well). In addition, we find that the scatter about the relations generally decreases with increasing redshift, independently of the included ICM physics. The one important exception is the hydrostatic mass, whose performance as a mass proxy worsens (scatter increases) with increasing redshift.
Our detailed analysis of the various mass-observable relations also allows us to comment on what is the 'best' total mass proxy. We argue that an ideal mass proxy should: (i) be easy to measure (including with relatively shallow data); (ii) be strongly correlated with mass; (iii) have a small intrinsic scatter; (iv) be insensitive to the choice of cosmology; (v) be insensitive to the cluster dynamical state; (vi) be insensitive to uncertain baryon physics (i.e. the zero point is well-known); and (vii) evolve in a manner that is easy to characterise. On the basis of the above criteria, we argue that the X-ray temperature performs the best. Its main strength relative to the other mass proxies is that it is least sensitive to uncertain baryon physics (in terms of its zero point, evolution and intrinsic scatter) while having amongst the smallest intrinsic scatter in mass at fixed proxy (see Table 4 ).
If one's sole criterion for judging the best mass proxy is instead based on the intrinsic scatter (for example, because one plans to use a high quality sub-sample with mass proxy information in combination with 'self-calibration' to remove any zero point uncertainties; e.g. Levine et al. 2002; Hu 2003; Majumdar & Mohr 2003 Mantz et al. 2010b; Wu et al. 2010) , one might instead conclude from inspection of Table 4 that the integrated Sunyaev-Zel'dovich signal, YX and the gas mass have a slight advantage over X-ray temperature (see Allen et al. 2011 and references therein). We caution, however, that our predictions for the intrinsic scatter of these mass proxies (and their dependencies on halo mass and redshift) are sensitive to unresolved feedback physics, whereas the scatter in the mass-temperature relation is generally insensitive to baryonic physics (see Fig. 7 ).
In the present study, we have examined the scaling relations between various global hot gas properties and halo mass. In a future study, we plan to examine the evolution and scatter in the structure of the hot gas (i.e. profiles). Table B2 . Results of fitting the evolving broken power-law (equation 15) to both the median relation and the log-normal scatter about it for the nocool simulation. The scatter is the log-normal scatter in the natural logarithm of the Y variable.
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APPENDIX B: RESULTS FOR THE OTHER PHYSICAL MODELS
In Tables B1-B6 , we present the results of the fitting procedures described in Section 4 for three of the other cosmo-OWLS physical models in Planck cosmology.
APPENDIX C: SCATTER AND EVOLUTION OF THE BOLOMETRIC X-RAY LUMINOSITY-TEMPERATURE RELATION
In order to do an analogous analysis for the bolometric Xray luminosity-temperature scaling relation (for both coreexcised and non-core-excised X-ray spectroscopic temperatures), we apply a method similar to the one described in Section 4. In brief, we obtain a value for the median observable and the scatter at fixed temperature about the median relation as a function of temperature and redshift as well as simple functional forms for their temperature and redshift dependencies by fitting log-normal distributions in a few temperature bins at several redshifts. Specifically, the median scaling relation at the same nine different redshifts as previously was obtained by fitting a spline to the median bolometric X-ray luminosity-temperature relation computed in ten equally logarithmically spaced temperature bins in the range 0.5 kBT 5.0 keV. The bestfitting spline is used to factor out the median relation when fitting a log-normal distribution to the distribution of LX in four temperature bins (chosen to be 0.5 kBT 1.3 keV, 1.3 kBT 2.17 keV, 2.17 kBT 3.0 keV and 3.0 kBT 8.0 keV). The rest of the procedure is identical to the one described in Section 4.
We can then fit an evolving power-law of the form:
an evolving broken power-law of the form:
and finally an evolving broken power-law with a redshift c 2016 RAS, MNRAS 000, 1-30 Figure C4 . Evolution of the log-normal scatter from z = 0 to z = 1.5 for the temperature-bolometric X-ray luminosity scaling relations (for both core-excised and non-core-excised X-ray spectroscopic temperatures). For each simulation and each scaling relation, we plot the log-normal scatter as a function of T spec(,cor) and denote the redshift using lines of different colours. The log-normal scatter of the bolometric X-ray luminosity-X-ray spectroscopic temperature relation varies only mildly with temperature (typically changing by a factor of ≈ 2 − 3 over ∼ 1 decade in temperature), is somewhat sensitive to non-gravitational physics (the amplitude tends to increase with increasing feedback intensity), but displays a moderately strong redshift dependence (it tends to decrease with increasing redshift). Table B6 . Results of fitting the evolving broken power-law (equation 15) to both the median relation and the log-normal scatter about it for the agn 8.5 simulation. The scatter is the log-normal scatter in the natural logarithm of the Y variable.
Scaling relation Median or scatter Table C1 . Results for all the physical models of fitting the evolving power-law (equation C1) to both the median bolometric X-ray luminosity-temperature relation and the log-normal scatter about it (for both core-excised and non-core-excised X-ray spectroscopic temperatures). The scatter is the log-normal scatter in the natural logarithm of the Y variable. Table C2 . Results for all the physical models of fitting the evolving broken power-law (equation C4) to both the median bolometric Xray luminosity-temperature relation and the log-normal scatter about it (for both core-excised and non-core-excised X-ray spectroscopic temperatures). The scatter is the log-normal scatter in the natural logarithm of the Y variable.
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Scaling relation Simulation Median or scatter Figure A1 . Evolution of the mass slope from z = 0 to z = 1.5 for the total mass-temperature scaling relations (for both non-coreexcised mass-weighted and X-ray spectroscopic temperatures).
In each panel, we plot the redshift evolution of the best-fitting power-law indices obtained by fitting the broken power-law given by equation (12) at each redshift independently. The solid curves (red, orange, blue and green) correspond to the different simulations and the horizontal dashed lines to the self-similar expectation, respectively. Whether one excises the core or not when computing the temperature does not noticeably affect the results presented in the main part of the paper (compare with Fig. 2 ).
horizontal dashed line). As was the case for the bolometric X-ray luminosity-total mass relation and the models which include AGN feedback (see Section 6 and Fig. 4) , the amplitude of the bolometric X-ray luminosity-X-ray temperature relation evolves positively for all the physical models with an amplitude which is strongly temperature dependent, slightly redshift dependent (it slightly flattens out with increasing redshift) and strongly sensitive to the non-gravitational physics of galaxy formation (it becomes more positive with increasing feedback intensity). The reversal of the direction of the deviation from self-similarity for the models without AGN feedback (from negative for the bolometric X-ray luminosity-total mass relation to positive for the bolometric X-ray luminosity-X-ray spectroscopic temperature relation is straightforwardly explained by the negative evolution Figure A2 . Evolution of the mass slope from z = 0 to z = 1.5 for the total mass-temperature scaling relations (for both non-coreexcised mass-weighted and X-ray spectroscopic temperatures). In each subpanel, we plot the redshift evolution of the low-mass (top panel) and high-mass (bottom panel) best-fitting power-law indices obtained by fitting the broken power-law given by equation (13) at each individual redshift. The solid curves (red, orange, blue and green) correspond to the different simulations and the horizontal dashed lines to the self-similar expectation, respectively. The high-mass end of the mass-X-ray temperature relation of the agn 8.5 model is steeper in the absence of core excision (compare with Fig. 3 ).
of the mass-temperature relation. Short et al. (2010) also found positive evolution for zoom simulations which include a semi-analytic prescription for AGN feedback.
In Fig. C4 , we show the evolution of the log-normal Figure A3 . Evolution of the normalisation from z = 0 to z = 1.5 for the total mass-temperature scaling relations (for both non-core-excised mass-weighted and X-ray spectroscopic temperatures) for each simulation. The normalisations of each scaling relation in the four log 10 [M 500 (M ⊙ )] bins (denoted by solid lines of different colours) have been normalised by the self-similar expectation for the redshift evolution at fixed mass (shown as an horizontal dashed line). The evolution of the normalisation is slightly more negative for the X-ray temperature when the core is excised (compare with Fig. 4) . The fact that, for the highest mass bin, the mass-temperature scalings have a slightly faster evolution in the WMAP 7 cosmology than in the Planck one is also unaffected by core excision.
scatter (at fixed temperature) from z = 0 to z = 1.5 for the bolometric X-ray luminosity-X-ray spectroscopic temperature (be it core excised (bottom subpanels) or not (top subpanels)) relation for the four physical models considered here. For each simulation and each scaling relation, we plot the log-normal scatter as a function of T spec(,cor) and denote the redshift using lines of different colours. As was the case for the bolometric X-ray luminosity-total mass rela- Figure A4 . Evolution of the log-normal scatter from z = 0 to z = 1.5 for the total mass-non-core-excised X-ray spectroscopic temperature scaling relation. For each simulation, we plot the lognormal scatter as a function of M 500 and denote the redshift using lines of different colours. There is a global increase (at all masses and redhsift) of the scatter for all the physical models (compare to the top panels of Fig. 6 ) in the absence of core excision. Figure C1 . Evolution of the temperature slope from z = 0 to z = 1.5 for the temperature-bolometric X-ray luminosity scaling relations (for both core-excised and non-core-excised X-ray spectroscopic temperatures). In each panel, we plot the redshift evolution of the best-fitting power-law indices obtained by fitting the broken power-law given by equation (C1) at each individual redshift. The solid curves (red, orange, blue and green) correspond to the different simulations and the horizontal dashed lines to the self-similar expectation, respectively. The bolometric X-ray luminosity-X-ray spectroscopic temperature (be it core excised or not) relation is steeper than self-similar for all the models considered and this independently of redshift. Figure C2 . Evolution of the temperature slope from z = 0 to z = 1.5 for the temperature-bolometric X-ray luminosity scaling relations (for both core-excised and non-core-excised X-ray spectroscopic temperatures). In each subpanel, we plot the redshift evolution of the low-temperature (top panel) and hightemperature (bottom panel) best-fitting power-law indices obtained by fitting the broken power-law given by equation (C2) at each redshift independently. The solid curves (red, orange, blue and green) correspond to the different simulations and the horizontal dashed lines to the self-similar expectation, respectively. The bolometric X-ray luminosity-X-ray spectroscopic temperature (be it core excised or not) relation is steeper than self-similar for all the models considered and this independently of temperature and redshift.
tion (see Section 7 and Fig. 6 ), the log-normal scatter of the bolometric X-ray luminosity-X-ray spectroscopic temperature relation varies only mildly with temperature (typically changing by a factor of ≈ 2 − 3 over ∼ 1 decade in temperature), is somewhat sensitive to non-gravitational physics (the amplitude tends to increase with increasing feedback intensity), but displays a moderately strong redshift dependence (it tends to decrease with increasing redshift). All the differences between the behaviours of the bolometric X-ray luminosity-mass and bolometric X-ray luminosity-X-ray spectroscopic temperature can be easily explained by the behaviour of the mass-temperature relation.
Finally, it is worth noting that the calibrated bahamas model has a much steeper bolometric X-ray luminosity-X-ray spectroscopic temperature relation than the cosmo-OWLS agn models apart at the high-temperature end and that the bolometric X-ray luminosity-X-ray spectroscopic temperature relation evolves slightly faster in the WMAP 7 cosmology, especially for the highest temperature bin. This paper has been typeset from a T E X/ L A T E X file prepared by the author. Figure C3 . Evolution of the normalisation from z = 0 to z = 1.5 for the temperature-bolometric X-ray luminosity scaling relations (for both core-excised and non-core-excised X-ray spectroscopic temperatures) for each of the simulations. The normalisations of each scaling relation in the four temperature bins (denoted by solid lines of different colours) have been normalised by the selfsimilar expectation for the redshift evolution at fixed temperature (shown as an horizontal dashed line). The amplitude of the bolometric X-ray luminosity-X-ray spectroscopic temperature relation evolves positively for all the physical models with an amplitude which is strongly temperature dependent, slightly redshift dependent, strongly sensitive to the non-gravitational physics of galaxy formation (it becomes more positive with increasing feedback intensity) and slightly sensitive to cosmology (slightly faster evolution in the WMAP 7 cosmology, especially for the highest temperature bin).
